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INTRODUCTION
Problem Definition
Many land management agencies have begun using native species in plant
community restoration and rehabilitation projects. However, revegetationwith native
plants is both complex and expensive, and has exhibited limitedsuccess. A common
limitation of successful revegetation is the inability of most native speciesto germinate
readily and compete with other species. Many native species have lowgermination that
is often due to seed dormancy. When dormant seedswere sown, they are often so slow to
germinate that the site becomes occupied by plants that outcompetetarget species. For
native plant species to compete effectively, they must germinate readilyto establish at a
rate that is competitive.
Seed dormancy is an adaptive characteristic to promote seedling establishmentunder
only optimal environmental conditions. Dormant seedmay undergo biochemical changes
called afterripening, when the seed embryo is gradually maturing (Young andYoung,
1986). However, even when the seed may be physiologically "mature", certain
environmental cues, such as changes in temperature, may be required to break dormancy.
There were two main categories of seed dormancy, coat-imposed dormancy and
embryo dormancy. Seeds with coat-imposed dormancy require physical alterationof the
seed coat for germination, whereas the mechanisms for germinating seeds with embryo
dormancy were usually biochemical and were not related to the seed coat (Webster,1995;2
Copeland and McDonald, 1985). Termination of embryo dormancy is poorly understood,
although a variety of stimuli have been identifiedas dormancy-breaking agents, including
light, plant hormones, low temperature, and alternating temperatures (Bewley and Black,
1985; Karssen et al., 1989; Simpson, 1990; Young, Emmerich, and Patten, 1990).
Most research on seed physiology, germination, and dormancy has been conducted
on herbaceous species, annual grasses, and commercial grasses (Simpson, 1990). The
Association of Seed Analysts (AOSA) has developed rules and testing proceduresto aid
in crop production (AOSA, 1993). These guidelineswere directed toward agronomic
crops, such as vegetables and cereals, although a few rangeland grasses and ornamental
native plants have made their way into the guidelines. Baskin and Baskin (1985, 1986,
1987, 1990) conducted extensive research on the germination and dormancy of annual
grasses that were noxious weeds in agriculture. Germination characteristics of perennial
grasses that have high forage value have also been studied, including Idaho fescue
(Festuca idahoensis Elmer; Doescher, Miller and Winward, 1985), big bluestem
(Andropogon gerardii Vitman; Beckman et al., 1993), Great Basin wildrye (Elymus
cinereus Scribn. & Merr.; Young and Evans, 1981), and Columbia needlegrass (Stipa
columbiana Macoun.; Young, Emmerich and Patten, 1990). Graminoids have
considerable variation in germination requirements, between species, between
populations of a species and also within populations (Simpson, 1990). Consequently,
even with the extensive research on agronomic and forage grasses, it is not sufficient to
predict germination in other grass species that have not been studied.3
Only within the last two decades have ecological aspects of germination been
investigated. Grime et al. (1981) pioneered the study of seed ecophysiology by
correlating major types of dormancy with particular ecological groups. They analyzeda
range of flowering plants drawn from local flora in northern England for germination
rates immediately following collection, after storage, and under various light and
temperature treatments. Baskin and Baskin (1988) continued on this theme by
investigating how timing of germination in herbaceous plants was controlled by nature,
and by determining if there were correlations between germination and seed phenologyor
ecological attributes. Since few perennial grass species were assessed in either of these
studies, they cannot be used to draw conclusions about germination and dormancy for
perennial grasses in general. However, they provide significant theory and methodology
to direct future ecological germination studies.
Statement of Purpose
The goals of this study were to determine germination requirements of selectedgrass
species and to determine methods of overcoming dormancy and enhancing germination to
facilitate commercial production of seed. Germination characteristics of the following
three grasses were investigated: Danthonia californica Boland. (California oatgrass),
Festuca viridula Vasey (green fescue), and Achnatherum lemmonii [Vasey] Barkworth
(Lemmon's needlegrass). Each is native to the Pacific Northwest of the United States and
all are common in southwestern Oregon. These species were selected because theyare
important for restoration of federal lands in this region. They are included in Rogue4
River National Forest's (RRNF) Native Grass Development Program which is comprised
of several grasses that RRNF would like to use in upcoming restoration projects andwere
identified as important for the Medford District Bureau of the Land Management (BLM).
RRNF has experienced poor germination during their growth trials with these species and
preliminary testing by Craig Dreman of Redwood Seed Company (pers. comm.) indicates
that these grasses exhibit a long dormancy (generally over 100 d) and low germination
(generally less than 20%). It was believed that dormancy was the reason for observed
poor field emergence and low germination.
Specific objectives to accomplish the goals of this study, for each species,were to:
(1) summarize environmental, morphological, phenological, and physiological
characteristics related to seed germination; (2) characterize germination and dormancy;
and (3) determine the effects of germination enhancement treatments (such as chemical
applications or physical manipulations) on germination and breaking dormancy.5
MATERIALS AND METHODS
Plant Materials
Seed samples used in this study were provided by contributingagency
representatives based on collections taken from local populations in thesummer of 1995.
Four seed lots (a collection of seeds from one population at one time) of each species
were investigated, representing collections from geographically distinct populations
located throughout the species' ranges in the Cascades, Coast and Klamath Ranges (Table
1). Seed collections were cleaned, dried, and cold-stored in manilla envelopes for
approximately one month until delivered to the laboratory. Once the seedswere received,
they were placed in a clean, and dry room-temperature storagearea.
Since seed collections were made by different individuals, this source of
experimental error could not be controlled. However, the storage methodswere
appropriate, thereby minimizing that source of experimental error. Collection and storage
of seeds are important sources of experimental error in seed germination experiments.
Proper collection techniques include gathering seed from many individuals of various
sizes and forms throughout the population and at different times of the season, to best
represent the population's genetic diversity (Knapp and Rice, 1994). Proper seed storage
methods include either cold-dry storage or room temperature-dry storage, the latter
condition more closely simulates natural afterripening conditions.6
Table 1. Population names, locations, and habitat information for each seed lot used in
this study, from collection records (NR = not recorded). T/R/S= United States
Geological Survey Township/Range/Section (quarter and sixteenth section).
LotPopulation Name
County,
State T/R/S
Elev.
(m)
Parent
Material Veg. Type
Danthonia californica
16Fort Lewis Thurston, WA 17N/1E/30 125Spanaway Prairie
(NE SW) Gravel
17Grants Pass Josephine, OR 35S/6W/25 427NR Scrub Oak/
(SE SE), 24 Grassland
(NE)
20South Fork Coos, OR 32S/10W/7 183SedimentaryGrassland/ Mixed
Coquille River (SE NE) Conifer Forest
22Horse Rock RidgeLinn, OR 15S/2W/1 914Igneous Mtn. Meadow
(NW NW) Andesite
Festuca viridula
1 Little Eagle Baker, OR 6S/45E/32 2134NR NR
Meadow
2 Hershberger Douglas, OR 29S/3E/22 (SE) 1707Volcanic Mtn. Meadow
3 Mt. Ashland Jackson, OR 40S/1E/21 2012Granite NR
(NE NW)
4 North Slope Jackson, OR 17N/11E/17,18 1878Granite Subalpine
Observation Peak Fescue-Sedge
Achnatherum lemmonii
7Baldy Peak Jackson, OR 40S/6W/18 1219Meta- Grassland/Shrub
Sedimentary
8 Grizzly Creek Siskiyou, CA 40N/9W/32 1829Peridotite Mixed Conifer
(SE NE) Forest
9 Condeau Plateau Jackson, OR 38S/3E/3 1402Basalt Mixed Conifer
(NW NW) Andesite Forest
11Josephine Creek Josephine, OR 38S/9W/36 396Peridotite NR
Literature Review
For each species in this study, an extensive literature review was conducted to
summarize potential environmental, morphological, phenological, and physiological traits
that could trigger germination and/or enforce dormancy. Lot-specific data, suchas plant
associations, soil parent material, climate, and elevation, was obtained from collection
records (as available) and from climatic data (Oregon Climate Service, Oregon State7
University). Some collection records lacked complete site descriptions.Lot-specific
soils and geologic information could not be obtained from publishedsources as intended,
due to the poor accuracy and precision of the published surveys for the southwestern
Oregon region (W. Rolle, RRNF, pers. comm.). Summaries ofaverage monthly
precipitation and temperatures were prepared for each seed lot basedon a 10-yr average
from climate data (1984-1994) obtained from weather stations in the vicinity of the
respective collection sites. 30-yr average climate data was also obtained and summarized
for D. californica sites, to provide more information on climatic variationamong the
sites. Information on seed structure, genetic diversity, mating systems, andon other
phenological traits was obtained from plant keys, a review of pertinent research articles,
and from conversations with other scientists (K. J. Rice, University of Californica, Davis
[UCD]; J. Trindle, Corvallis Plant Materials Center [CPMC], Natural Resource
Conservation Service [NRCS]; D. Borgias, The Nature Conservancy [TNC]).
Germination and Dormancy Testing
The germinability and viability of each seed lot was characterized by conducting
standard germination and viability tests. These tests were based on a synthesis of testing
methodology prescribed by Grime et al. (1981), Young and Young (1986), and AOSA
(1993), and were adapted to the materials and equipment available for this study. Priorto
any seed testing, each seed lot was thoroughly cleaned by removing awns and blowing
out light or unfilled seed and chaff Purity tests were conducted after this cleaning effort
to determine the effectiveness of the cleaning. Only pure seed (e.g., mature, filled8
caryopses) were used in germination and viability tests. A light tablewas used to identify
pure seed. Samples of cleaned, unseparated seed were counted to determine the ratio of
pure seed in each seed lot. Viability tests were conducted by the Oregon State University
Seed Lab approximately 9 mo after collection. Samples of 100pure seeds per lot were
subjected to standard TZ tests (in which a 1.0% solution of 2,3,5-triphenyl tetrazolium
chloride is used to stain live, respiring seeds) to determine percent viability.
Standard germination was determined by growing samples from each seed lot in
germination chambers. These tests were conducted approximately 1yr after collection,
and were done concurrently with the germination enhancementtreatments. A
randomized block design was used in which each seed lotwas represented in each of four
blocks. Each test consisted of 100 seeds per lot, divided equally into four replicated
experimental units (one per block). The blocks were distinguished by two locations in
each of two germination chambers to account for potential temperature and light
variations within and between germination chambers.
A pilot project was conducted prior to these germination and dormancy experiments
to determine the optimal substrate, a sterilized cotton and gauze substrate. This substrate
was most successful at minimizing pathogens while maintaining high moisture, andwas
also recommended by Craig Dreman of Redwood Seed Company (pers. comm.)to
minimize substrate-born pathogens. Seeds were grown in plastic petri disheson a
sterilized cotton and gauze substrate, moistened with distilled water.Petri dishes were
randomly placed in clear, sealed plastic containers to maintain high humidity. Each
container was then randomly placed in each block. Tests were conducted in Hoffman9
SG-30 germination chambers (Hoffman Manufacturing Co., Albany, OR), set at
alternating 16 h cool and 8 h warm periods, with florescent lights (40 W each)on during
the warm period and off during the cool period. For D. californica and A. lemmonii, the
germination chambers were set at alternating temperatures of 15/25 °C. One of the
germination enhancement factors applied to F. viridula was temperature, in whichtwo
alternating temperature regimes were tested, 15/25 °C and 10/20 °C.
Temperature is one of the most important environmental factors that control seed
germination. Many germination studies are aimed at determining the optimal seed
germination temperature (or temperatures in the case of alternating temperatures). For
grass species grown in western Oregon, this optimum is usually between 20 and 25°C
(AOSA, 1993). Rather than concentrate on testing for optimum germination temperature,
seed testing guidelines for related western Oregon grasses were used in selecting the
temperature settings for the germination chambers.
However, prior to the decision to use that approach a germination temperature model
was developed, in which daily maximum, minimum, and average temperatures from
Oregon Climate Service were used to estimate each seed lot's average daily and nightly
temperatures. These average temperatures were considered approximations of
germination temperatures for each seed lot, and were to be used for germination chamber
temperature settings. The average daily and nightly temperatures were estimated as the
midpoints of the average temperature with the maximum and minimum temperatures of
each day, respectively, then averaged over the last 10 yr (1984-1994). The midpoint
values (referred to as mid-max and mid-min) were calculated for each seed lot, basedon10
weather stations located in the vicinity of the seed collection sites. An adiabatic lapse
rate (of -0.6°C for every 100-m gain in elevation) was used to correct for differences in
elevation between the respective weather stations and the collection sites (equation from
G. Taylor, Oregon Climate Service, pers. comm.). The concept was touse averages of
the mid-max and mid-min temperatures from periods when each species of the respective
seed lots had been observed emerging.
Based on further scrutiny of this model, it was decided that it could not be usedto
reliably estimate average daily and nightly temperatures. Reasons included: (1) weather
stations were generally too far (e.g., >1.5 km) from their respective seed collection sites
and were often located at different physiographic locations, thereforemay not accurately
represent climates at seed collection sites; (2) information on when individual seed lots
germinate in the field was not available; and (3) weather stationsmeasure air temperature,
several feet above the ground, whereas soil surface temperatures where seedsare growing
may be quite different depending on factors like vegetation cover, litter cover, soil texture
and color.
Successful germination was defined as protrusion of both the radicle and the first
leaf, at least 1 cm from the caryopsis, both of which were normal in color andstructure.
Germination was scored weekly for 5 wk or less if germination did not increase for two
consecutive weeks. Each germinated seed was counted and discarded. Seeds thatwere
obviously dead due to mold or other pathogens were scored appropriately and removedto
prevent spread of the disease.11
Germination Enhancement Testing
Pilot Projects
Several small tests were conducted prior to and during thecourse of this study that
were not part of the main set of experiments, but that investigated various laboratory
procedures and germination enhancement treatments that helped determine protocol and
treatments for the primary laboratory experiment. I refer to these tests as pilot projects.
The first of these was conducted in 1995 prior to initiation of this studyas part of my
internship with Forbes Seed and Grain. This pilot project (referencedas the 1995 pilot
project) was conducted to test various germination enhancement techniqueson D.
californica, F. viridula, and A. lemmonii, for the purpose of narrowing therange of
options available (described in detail in Appendix 1). Treatments included various
concentrations of GA3 and KNO3, application of a commercial fungicide, variousstrata
and scarification treatments. Different seed lots were used in the 1995 pilot project than
in the main study experiments.
I also conducted several smaller pilot projects during the course of this study (see
Appendix 2). These were conducted on usually one seed lot per speciesper test, and
were usually replicated only twice. Various laboratory procedures were used, especially
since some tests were conducted to determine best procedures for the species and
materials available in this study. Tests included: (1) different concentrations of sodium
hypochlorite concentrations to minimize; (2) different stratification lengthson
germination of F. viridula, some of which were treated with GA3; (3) effect of darkness12
on germination of A. lemmonii seeds scarified and not scarified, some of which were
treated with GA3 or KNO3; (4) different leaching times on germination of A. lemmonii,
with and without KNO3; and (5) different concentrations of Benzyladenine (a cytokinin),
with and without prechill and GA3, on vigor of F. viridula. Statistical analyseswere not
performed on these tests; however, results were used to develop hypotheses about the
potential germination behavior of each species. Tests that appeared to produce positive
results were included in the primary laboratory experiment.
Laboratory Experiments
Steps involved in germination enhancement testing basically followed guidelines by
Young and Young (1986) which recommends testing seeds initially to determine
germinability and dormancy, then subjecting seeds to afterripening, imbibition, and
scarification (if seeds did not imbibe). If germination is still poor, they recommend
testing various germination enhancement techniques. Hypotheses of initial germinability
and dormancy were determined prior to commencement of this study during RRNF seed
increase trials and testing conducted by Craig Dreman of Redwood Seed Company. As
described in the previous section, seeds were afterripened for 1 yr following collection.
My 1995 pilot project revealed that imbibition and scarification were not sufficient to
break dormancy (Appendix 1). Determination of which germination enhancement
techniques to use was based on information learned during the background research phase
of this study, results of pilot projects, seed testing guidelines for similar species
prescribed by AOSA (1993), and treatments used by other scientists (Hassell and13
Beavers, 1993; Link, 1993; Knapp and Rice, unpublished 1994 reporton work in
progress to the U. S. Forest Service [USFS], RRNF, TNC and BLM; K. J. Rice, UCD,
pers. comm.; Stannard and Danis, Oregon State University Seed Lab, unpublished data).
Since the purpose of this study was to determine techniques that would facilitate
commercial production, germination enhancement techniqueswere aimed at breaking
dormancy in the most efficient and expedient manner possible (i.e., rapid and high
germination with minimal effort). Time-consuming techniques suchas an extremely long
stratification period, or labor intensive experiments such as sulfuric acidtreatment, were
not used.
Laboratory experiments were designed independently for each species. Table 2 lists
factors and levels that comprise the investigated treatments. In A. lemmonii, Lots 8 and
11 did not receive the dark level of the light factor due to experimentalerror, thus only
Lots 7 and 9 received the full factorial arrangement of treatments. Designs of the
replicates and experimental units were consistent with the standard germination testing
methods described above. Within a species, each seed lot received thesame set of
treatments and each treatment was replicated four times, once in each block. Scoring of
germination was also consistent with the standard germination testing methods described
above.14
Table 2. Summary of germination enhancement factors and levels (in
parentheses) applied to each species. GA3 = gibberellic acid, KNO3
potassium nitrate.
Factors D. californicaF. viridulaA. lemmonii
Scarification (with, without) X X
Stratification (with, without)
temperature (10/20, 15/25°C)
X
X
X
GA3 (0, 0.03, 0.06%) X X
KNO3 (0, 0.2%)
light regime (dark, light)
X X
X
The control treatment was equivalent to the standard germination test, withno
enhancement treatment, germination chambers set at alternating 16 h cool (15 °C, lights
off) and 8-h warm (25 °C, lights on) periods. In the GA3 and KNO3 factors, seedswere
placed on the substrate (cotton and gauze) moistened with 0, 0.03%or 0.06% GA3
solution and 0 or 0.2% KNO3 solution, respectively. Scarificationwas conducted by
rubbing seeds between coarse grained sandpaper (80 to 100 grit) for approximately 30s,
resulting in either large scratches on the lemma, palea and pericarp, hereafter referredto
as seed coat (for A. lemmonii), or fully extracted caryopses (for D. californica).
Stratification treatments consisted of either 2 wk (for A. lemmonii)or 4 wk (for D.
californica) of moist-cold storage at 5 °C, where the substrate was moistened with
distilled water, GA3 and/or KNO3, depending on the treatment.15
Greenhouse Experiments
Treatments with enhanced germination in laboratory experimentswere tested in a
greenhouse to provide an approximate simulation of treatment effectson enhancing
germination and on initial seedling survival under cultivation. A randomized block
design was used with one replicate of each treatment in each of four blocks and
randomization of the locations of the treatments within the blocks. Blockswere separated
over time and space, between two time periods (September-early October and late
October-November, 1995) and between two locations in the greenhouse.
Determination of enhancement treatments to use in this experimentwas based on
averaging the final cumulative germination results from the germination enhancement
treatments over the four seed lots investigated for each species in the laboratory. The best
two or three treatments were selected using a Fisher's Protected Least Significant
Difference (FPLSD) analysis. In the greenhouse experiment, one seed lotper species was
investigated. It was chosen by selecting a seed lot with sufficient seeds and with high
initial dormancy combined with high viability (Table 3). Each replicate consisted of 25
seeds planted in fine loamy-clay soil. Danthonia californica and F. viridula seedswere
planted at about 6-mm depth and A. lemmonii seeds were planted at about 20-mm depth.
Seeds were watered daily and scored for emergence and survival every 2 d. Emergence
was evaluated based on at least 1 cm of growth of the first leaf above the soil surface.
Maximum emergence was defined as no increase in emergence for 10 consecutive days,
and tests were terminated 30 d after maximum emergence (within each replicate).16
Table 3. Summary of greenhouse treatments.
Species Lot Treatments
D. californica
F. viridula
A. lemmonii
20None (control)
Scarification
Scarification + 0.2% KNO3 + 0.06% GA3
1None (control)
0.06% GA3
4 wk strat. + 0.06% GA3
8None (control)
Scarification
Scarification + 2 wk strat.
Scarification + 0.2% KNO3
Seed Size Analysis
During the germination enhancement tests in the laboratorysome differences in
mean seed sizes were observed, among seed lots and within a species. Seed sizes
appeared to be consistent within a lot, whereas seeds of some lots appeared smaller than
in other lots within a species. In particular, there appeared to be two distinct categories of
seeds in the A. lemmonii lots, ones that were relatively larger and brown in color andones
that were straw colored and slightly smaller in size. It is commonly known that larger
seeds have higher vigor (i.e., biomass, germination, and establishment rate),as a function
of maturity at collection, genotype, or environmental conditions during seed
development, although the relationship between seed size and dormancy is not well
understood. A direct correlation between germination and seed size could not be
determined in this study because the sizes of seeds that were actually used in the17
experiments were not measured. However, observed correlations between seed size and
germination in different seed lots could be used to speculate about this hypothesis.
Data Analysis
Several separate analyses were conducted for each species, including: 1) effects of
seed lots and germination enhancement factors on cumulative germination; 2) effects of
seed lots and factors on germination rate for D. californica and F. viridula only; 3) effects
of selected treatments on emergence and seedling survival in a greenhouse setting; and 4)
differences between seed sizes and lots (D. californica and A. lemmonii only). Statistical
analyses were not performed on the standard germination and initial dormancy
experiments, or on the pilot projects.
Analyses of cumulative percent germination were based on final total percent
germination. Percent germination was arcsine square root transformed to normalize
distributions. Separate analysis of variances (ANOVA) were performed using PROC
GLM (SAS, 1994) to test for differences between lots and factors for each species. Since
only Lots 7 and 9 received the full factorial arrangement of treatments, Lots 8 and 11
were omitted from cumulative germination analysis (they were not subjected to the dark
level of the light factor). Results presented are based on back-transformed data. Single
degree of freedom contrasts using LSMEANS were analyzed to determine significant
differences between specific levels of factors and/or seed lots. Results from the
cumulative germination analysis were also used to estimate the effects of treatmentson
breaking dormancy, by calculating the amount of dormancy remaining in each seed lot18
after the treatment was applied (difference between viability and treatment cumulative
germination).If germination was higher than viability, then the percent dormancy after
treatment was set to zero; the treatment relieved seeds of all dormancy. Since different
seed samples were used in viability and germination tests, it was possible to have
germination exceed viability of a seed lot.
Median germination time (T50; the time to 50% of final total germination)was used
to analyze germination rates. Germination rates have been analyzed using a variety of
techniques (Scott, Jones and Williams, 1984; Brown and Mayer, 1988a and b; Brown and
Mayer 1986; Brown, 1987; Bridges et al., 1989; Dumur, Pilbean and Craigon, 1990; D.
0. Wilson, Jr., Ciba Seeds, pers. comm.). Three non-linear functions, the Weibull,
Gompertz, and Logistic, were investigated to find one that best fit the data. Although the
Weibull distribution accurately represented germination rates in other species and
experiments (Brown and Mayer, 1988b; Bridges et al., 1989; Dumur, Pilbean and
Craigon, 1990; Choinski and Tuohy, 1991), it could not be used in this study because
there were too few observations to accurately estimate the four parameters in the model
(measurements were taken on a weekly basis, resulting in five or six observationsper
replicate). Data were sufficient to fit the Gompertz and Logistic models basedon final
prediction error (FPE) and R2 values (Brown and Mayer, 1988b; Freeman, 1985), but
estimates of some of parameters were not accurate or realistic. These "goodness-of-fit"
values were calculated from germination responses of representative treatments of D.
californica Lots 16 and 17. The Logistic model was selected because it best represented
the observed data. The form of the Logistic model was,19
M
Y
I -kt+b
where y is cumulative germination, M is the maximum germinationor asymptote, k is the
germination rate, b is a lag parameter until initial germination, andt is time (days). The
model's estimates of b were often inaccurate because of the few observations, inturn
affecting the accuracy of k. Since rate of germination isnecessary for the calculation of
T50, actual lag data was substituted for b in the model. The lack of observations during
the germination process made accurate parameterization of the model difficult.
Therefore, it was used only as a non-biased estimate of germination rate, and T50 values
were derived from the model by setting y to 'A M and solving the model for t, resulting in
the following equation.
b
150 =
k
Separate ANOVAs were performed using PROC GLM (SAS, 1994) to estimate the
effects of lots and treatments on T50 estimates for D. californica and F. viridula.
Treatments that resulted in no or very low germination (usually the control and most of
the treatments without GA3) were not included in these analyses because they either
completely lacked a rate if nothing germinated or the rate was negligible if onlya few
seeds germinated. Analyses on treatments rather than factors were performed because
there were too many missing values for PROC GLM to estimatemeans from factorial20
analyses. For F. viridula, the T50 estimates were normally distributedso transformations
were not necessary, and single degree of freedom contrasts using LSMEANSwere
analyzed to determine significant differences betweentreatments. However for D.
californica, T50 estimates were so highly kurtotic thatno transformation would normalize
the distribution. Friedman's Rank Transformationwas used to test for differences among
treatments (Daniel, 1978; Conover and Iman, 1981; Iman, 1988). Since treatmentmeans
and contrasts cannot be estimated with non-parametric statistics, medianT50 values of
replicates were reported. No formal multiple-comparisons procedurewas used because
published procedures for multiple comparisonson Friedman's Rank Transformation,
such as those presented in Daniel (1978), cannot be usedon treatments with missing data
and because the differences between the treatmentswere quite obvious without formal
analysis.
For the greenhouse experiments, total percent emerged was analyzed with ANOVA
(Statgraphics, 1993) to determine statistical differencesamong treatments, independently
for each species. Log transformations were conductedas necessary to normalize the
distribution of the emergence data. FPLSD multifactor analyseswere performed to
determine significantly different treatments. Results presentedare based on back-
transformed data.
Seedling survival was calculated as the percentage of seeds that survived at least 10-
d after maximum emergence per replicate. A one-way ANOVAwas performed on
percent survival to determine significant differences in survival among treatments within21
a species. FPLSD multifactor analyses were performed if the differenceswere
significant. No transformations werenecessary for the survival analysis.
For the seed size analysis, a mean seed sizewas obtained for each seed lot of D.
californica and A. lemmonii by measuring 20 seeds thatwere randomly chosen from the
remaining seeds in each lot. A one-way ANOVA (PROC GLM;SAS, 1994) was
performed on each species, to determine if therewere statistical differences among seed
lots in mean seed size. Categories of seed sizeswere then determined with FPLSD means
separation tests.22
RESULTS
Literature Review
All three species studied are cool season, perennial bunchgrasses.Danthonia
californica is a tall perennial that grows at relatively low elevations (90to 1830 m), from
British Columbia south to California and New Mexico. This studywas represented by
primarily low elevation populations (Table 1). In Oregon, D. californicaoccurs on both
sides of the Cascade Range and in the Coast Range. Preferred habitatsare sunny prairies
and openings in forests although it is found in a variety of habitats, from vernallymoist
meadows to dry rocky slopes. Parent materials, and probably soil typesas well, vary
considerably among populations (Table 1).
The study populations are all from sites with mild climates (Fig. 1, A and D).
Temperature patterns were similar among the three lots for which datawas available,
during both the short term and long term periods. Over the 10-yr period, low
temperatures of about 5°C occurred in December and highs of about 15 to 20 °C occurred
in July and August (Fig. 1A). Long term mean minimum temperatureswere lowest in
January at -0.5 "C for Lots 16 and 17 and 2 °C for Lot 20, while long term mean
maximum temperatures peaked in August at 31 °C for Lot 17 and 25 °C for Lots 16 and
20. The long term ranges between mean maximum and mean minimum temperatures
were also similar among the three lots, with Lot 17 having a slightly wider range of 31.5
°C, versus ranges of 23 °C for Lot 20 and 25.5 °C for Lot 16. During the 10-yr period,
precipitation peaked in November at 12 to 22 cm and dropped in August to about 2cmT
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(Fig. 1D), with annual precipitation averaging 54 cm for Lot 17 and 98cm for the other
lots.Annual precipitation during this period was usually several cm below the long term
average (last 30 yrs) for all lots, which was 78 cm for Lot 17 and 144 cm for the other
lots.
The inflorescence of D. californica is comprised of several-flowered spikelets
attached to the main stem by long, flexuous pedicels. Lemmas have 8 to 10mm
geniculate awns and each spikelet is subtended by long narrow glumes. At maturity the
lower spikelets are enclosed by the culm, resulting in plants with both cleistogamous
(self-pollinated) and chasmogamous (self- or cross-pollinated) spikelets. Danthonia
californica was divided into two varieties based on some minor morphological
differences (Hitchcock, 1950; Hickman, 1993), although the seed lots included in this
study were not identified to variety during collection. In D. c. var. californica Boland.
the upper leaves, especially the leaf sheaths are glabrous while they are villous in D.c.
var. americana (Scribner) A. Hitch. The ranges and habitats of the two varieties are
almost identical. In their study of the genetic structure of D. californica, Knapp and Rice
(unpublished 1994 Final Report to the USFS, RRNF, TNC, and BLM) hypothesized that
D. californica is most likely both self-pollinated and cross-pollinated, and dominance of
one mating system over another varies widely among populations. They discovered that
this species exhibits high phenotypic and genotypic variation between populations, and
their enzyme survey demonstrated that the two varieties have different genetic structures.
Danthonia californica has received considerable research attention in the past few
years because it is a desired restoration species. It is popular because it grows in a variety25
of habitats, is vigorous once it becomes established, and provides forage for livestock and
wildlife. Several nurseries are marketing D. californica seed throughout the northwest,
including American Ornamental Products (S. Schmidt, pers. comm.), and Pacific Open
Space in California. The Corvallis Plant Materials Center is conductingecotype
selections from many different populations of D. californica for thepurpose of releasing
an improved cultivar for the rangeland restoration market (D. Darris, CPMC, NRCS).
Festuca viridula is a slender-leaved bunch grass that grows in subalpine meadows,
openings in forests and on rocky slopes. It ranges from 1000 to 2000m in elevation
throughout the Pacific Northwest down to central California. In Oregon, F. viridula
occurs in the Klamath Range and the east side of the Cascades. It an important, highly
palatable and nutritious livestock forage species (U. S. Forest Service, 1937; Hitchcock,
1950; Hickman, 1993). It is similar in appearance to many other fine fescues, witha
dense and compact crown of narrow leaves and an open panicle with several-flowered
spikelets. The seeds are just under 1 cm in length and of the seed lots in this study, seeds
were uniform in size and shape both within and between lots. Festuca viridula is often
found on dry, granitic and rocky soils (Table 1). Of the study populations for which
climate data were available, they occur mostly in cool, dry climates (Fig. 1, B and E).
Low temperatures dropped to almost -15°C near Lot 2 in December and high
temperatures peaked at about 10°C for both lots in July and August (Fig. 1B). Lot 1
received considerably more precipitation in 1984-1994 than the others, withaverage
annual precipitation at about 110 cm, while the other populations received about 50cm of
precipitation annually (Fig. 1E). Closer scrutiny of the climate data demonstrated that26
this value was high because of two very wet (and cool) months of Novemberin 1984 and
1988, although precipitation in the other months was fairly consistent throughout the11-
yr period and still higher than other populations.
No nurseries listed in the Hortus Northwest catalog (1995)or with whom I contacted
were growing this species, and few scientists have experimented with it.J. Trindle,
CPMC, NRCS, has been using F. viridula in a forest restoration project (pers.comm.).
Based on a 50-yr observational study of the survival of several native plants, Reid,
Johnson and Hall (1991) reported that F. viridulagrew poorly in severely eroded soils,
but once it became established plants were long-lived. The Soil ConservationService
reported that establishment was poor from direct seeding, but that transplantproduction
using seed from native stands was feasible (Hassell and Beavers, 1993).
Achnatherum lemmonii grows in dry, open areas suchas meadows and forest
openings, below 2100 m in elevation. Seed lots used in this studycome from a variety of
geologic parent materials and vegetation types, and probably various soiltypes as well
(Table 1). The study populations are in relatively cool, dry sites, although Lot11, located
near Cave Junction, Oregon, received considerably more precipitation than other
populations (Fig. 1F). For Lots 7-9, average annual precipitationwas about 55 cm from
1984 to 1994, peaking in November at 5 to 12 cm and dropping in Augustto about 3 cm.
Lot 11 received an average of 125 cm of precipitation from 1984 to 1994, peakingat
almost 20 cm per mo in the winter and early spring, then dropping downto 3 cm in
August. Temperatures were similar among the lots, with lows between -5 and 5 'Cin
December and highs at about 12°C in July and August (Fig. 1C).27
Recent classification of the Stipeae tribe resulted in the redistribution ofmost species
of Stipa in North American into six genera (Barkworth, 1993). This treatmentwas
represented in the Jepson Manual for California (Hickman, 1993). Lemmon's
needlegrass was moved from Stipa lemmonii (Vasey) Scribn. to Achnatherum lemmonii
(Vasey) Barkworth. Stipa lemmonii was divided into two varieties by Hitchcock (1950)
based on morphological traits and habitats. Stipa lemmoniivar. pubescens Crampt. grows
primarily on serpentine soils and has slightly longer glumes, lemmas andawns than S. 1.
var. Jonseii Scribn. Although the recent treatment of A. lemmonii in the Jepson Manual
does not describe these two varieties, research by Tom Griggs in 1977 supported
Hitchcock's treatment of the two varieties (D. Borgias, TNC,pers. comm.). Both
varieties range throughout the Pacific Northwest, from British Columbiato California. In
Oregon, A. lemmonii (both varieties) occurs in the Klamath, Coast, and Cascade Ranges
east to Idaho. Very little germination information on this species was available. D.
Borgias (TNC, pers. comm.) conducted germination enhancementtreatments similar to
those conducted in this study, resulting in similarlypoor germination.
Germination and Dormancy Testing
The standard germination percentages for most seed lots of all three specieswere
quite low (less than 21% germination for each seed lot except D. californica Lot16 that
was initially non-dormant), while viability for each seed lot was quite high (Table 4).
Therefore, the corresponding levels of initial dormancy were generally quite high.
Results of the purity test indicate that cleaning was only marginally successfulat28
extracting pure seed. The most common type of inert matter in the seed lots was unfilled
seeds. Additional inert matter included glumes, awns, stems and dirt. Most seed lots had
no other species in the lot, which would be expected with hand-collected samples.
Table 4. Characteristics of untreated seeds based on the germination, viability, and purity
tests. % initial dormancy was calculated as the difference between viability and
germination. Inert matter was primarily unfilled seeds.
Species Lot% Germ.% Viability
Initial
Dorm. % Pure
Purity Analysis
% Other spp.% Inert
Danthonia 16 95.4 73.0 0.0 87.3 12.7
californica 17 8.0 86.0 78.0 77.0 0.2 22.8
20 8.5 54.0 45.5 67.7 32.3
22 20.6 82.0 61.4 26.2 73.8
Festuca 1 0.3 84.0 83.7 70.6 29.4
viridula 2 0.0 78.0 78.0 56.3 43.7
3 0.0 23.0 23.0 62.7 37.2
4 0.0 85.0 85.0 77.6 1.0 21.4
Achnatherum 7 1.3 80.0 78.7 95.6 <0.1 4.4
lemmonii 8 0.0 80.0 80.0 92.3 0.4 7.3
9 0.0 79.0 79.0 90.6 <0.1 9.4
11 10.2 51.0 40.8 66.6 0.3 33.1
Germination Enhancement Testing
Germination Rate Analysis
The Logistic function was slightly better at estimating germination rate than the
Gompertz function. The FPE values were usually slightly lower and the R2 values were
usually higher with the Logistic model than the Gompertz model (see Table 5). Plots of
observed and predicted germination rate curves clarify important differences between the29
two models (Fig. 2). Predictions from the Gompertz model were often quite different
than observed data, while predictions from the Logistic model normally provideda good
fit to the observed data.
Table 5. Goodness of fit analysis of the Gompertz and Logistic
functions for germination rate, on representative lots, treatments and
replicates of D. californica.* = better fitting comparisons (ie., lower
FPE values and higher R2 values).
LotTrt/Rep Logistic
FPE
Gompertz Logistic
R2
Gompertz
16
17
7c
9d
10a
12d
7c
9d
10a
12d
0.208
0.044*
0.037*
0.069*
0.054*
0.275
0.049*
0.079
0.032*
0.09
0.079
0.125
0.103
0.005*
0.101
0.036*
0.601
0.84*
0.827*
0.827*
0.838*
0.601
0.827*
0.837*
0.706*
0.487
0.416
0.494
0.504
0.964*
0.44
0.676
Effects of Treatments on Danthonia californica
Analysis of the median germination time on D. californica resulted in a minor lot by
treatment interaction (P = 0.046) which was not considered significant in this study
because data were similar among lots and the main difference was that Lot 22 hadmore
missing values than the other lots. Treatments without scarification took about 7 d longer
to reach 50% of their maximum germination than treatments with scarification, regardless
of other factors (P < 0.01; Table 6).1.0
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Figure 2. Comparison of observed germination rate versus estimated rates from Logistic
and Gompertz models. Representative lots, treatments and replicates (e.g.,rep. c) of
D. california. Scarif.=scarification.31
Table 6. T50 values for each lot and treatment on D. californica. Missing valueswere
recorded when overall germination was so low that rates could not be calculated.
Although the differences between lots was considered significant (P < 0.01), the
differences were due to missing values, therefore overall medians are also presented.
Days to 50% of maximum germination (TO
Scarification
KNO3 (%) 0
Without
0.2 0
With
0
GA3 (%) 00.030.0600.030.06 00.030.0600.030.06
Lot 16 14.014.3-- 14.014.014.07.07.07.07.07.07.0
Lot 17 14.011.414.014.012.814.07.07.07.07.07.07.0
Lot 20 -- 14.014.0 -- 14.014.07.07.07.07.07.07.0
Lot 22 14.021.0 -- 14.0 7.07.07.07.07.07.0
Overall
Median 14.014.214.014.014.014.07.07.07.07.07.07.0
There was a highly significant 4-way interaction between seed lots and each of the
three factors (scarification, KNO3 and GA3; P < 0.01; Fig. 3). As a result,no lower order
interactions or main effects were analyzed. This interaction would be summarizedas
follows: 1) the effect of seed lot on germination was dependent on scarification, KNO3
and GA3 factors; and 2) the effect of any of one of the factors (scarification, KNO3 and
GA3) was dependent upon the other factors as well as seed lot.
The most consistent trend for all lots was that scarification tended to produced
higher cumulative germination than no scarification, regardless of KNO3or GA3 level,
and often the differences between with and without scarificationover other combinations
of factors were significant (P < 0.05; Fig. 3). Addition of GA3 usually hada positive
effect on cumulative germination. In most cases this differencewas significant (P <60
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0.05). Likewise, scarification tended to enhance germination, although the differences
were significant for only a few of the other combinations of factors. GA3 significantly
enhanced germination in Lot 22 (P < 0.05), but only if seedswere scarified and no KNO3
was applied. Otherwise there were no consistent trends in GA3 for Lot 22. KNO3 usually
enhanced germination only when seeds were scarified and GA3was also used. Without
scarification, KNO3 appeared to have a slight adverse affecton germination (Lots 17, 20,
and 22). Scarification alone resulted in the significantly highest cumulative germination
overall other treatments in Lot 22 (P < 0.01). Seed Lot 16was initially non-dormant as
depicted by the high germination of the control treatment (no GA3,no KNO3 and not
scarified; Fig. 3). In this lot, some treatments produced a negative effect, possibly
enforcing seed dormancy.
Effects of Treatments on Festuca viridula
All seed lots of F. viridula had similar germination rates regardless of germination
enhancement treatments (P = 0.38).Treatments with scarification resulted in some of
the lowest median germination times (T50 approximately 6 to 15 d; Fig. 4). In Lots 2, 3
and 4, treatments without stratification resulted in significantly longer median
germination times than the other treatments (P < 0.4; T50 approximately 20 to 25 d; Fig.
4), regardless of temperature setting. The two concentrations of GA3 had similar affecton
germination rate, with T50 ranging from about 20 to 25 d for all lots (Fig. 4).Lot 1
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The factorial analysis on cumulative germination resulted in two significant 3-way
interactions; one between lot, temperature, and GA3 (P < 0.02; Fig. 5A), andone between
lot, stratification, and GA3 (P < 0.01; Fig. 5B). Generally, applications of GA3 greatly
enhanced germination at the lower concentration, consistently producing higher
germination than the higher concentration (Fig. 5). With both interactions, the factorial
combinations without any GA3 resulted in significantly lower germination than with
either concentration of GA3 (P < 0.01). In the lot by temperature by GA3 interaction (Fig.
5A), cumulative germination in all lots and at both temperatureswas less than 10%
without any GA3, while it was usually over 40% with either concentration of GA3.
Temperature alone had no effect on increasing germination (P > 0.05). However, with
either concentration of GA3, germination was slightly higher at 15/25 °C (P < 0.05).
In the lot by stratification by GA3 interaction, stratification often increased
cumulative germination over no stratification, although not always significantly.
Cumulative germination without GA3 in all lots, with or without stratification, ranged
from 0 to 10% (median = 3%), and was always over 18% (median= 55%) with either
concentration of GA3 (Fig. 5B). In Lots 1 and 4 there was usuallyno significant
differences between the two concentrations of GA3 (P > 0.05), and in Lots 2 and 3 the
higher concentration of GA3 resulted in slightly lower germination, whichwas
significant in Lot 3 (P < 0.05).
When comparing the four seed lots over both interactions, Lot 1 always had higher
cumulative germination than the other seed lots, and this differencewas usually
significant (P < 0.02). Seed Lots 2 and 3 almost always had significantly lower100
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Figure 5. Mean cumulative germination (+/- CI95%) of the significant interactions in F.
viridula. (A) Lot by temperature by GA3. (B) Lot by stratification by GA3. Dormancy
is estimated as % Viable - % Germination (different seeds per test).37
germination than either Lot 1 or 4, at both temperatures and withor without stratification
and at either concentration of GA3 (usually not significant at GA3= 0; Fig. 5 A & B).
Effects of Treatments on Achnatherum lemmonii
Germination rate of A. lemmonii was not analyzed because germinationresponses
were too low (usually less than 15% final total germination). The most consistent and
obvious trend from the factorial analysis on cumulative germinationon A. lemmonii Lots
7 and 9 was that nothing was very successful at breaking dormancy (Figs. 6 and 7).
Viability was 50 to 80% in each seed lot (Table 4), resulting inover 64% dormancy in
Lots 7 and 9 even after enhancement treatments.
Stratification significantly increased germination over no stratification (P < 0.01)
regardless of seed lot, light, or KNO3 levels, although mean cumulative germinationwas
under 6% (Fig. 6). Germination was influenced significantly by the combination of seed
lot, light, and KNO3 (P < 0.01; Fig. 7A). In Lot 7, light resulted in significantly higher
germination over both levels of KNO3 than dark (P < 0.05), and addition of KNO3 to light
significantly enhanced germination in this lot (P < 0.05; averaging 17%). Differences
between levels of light and KNO3 were not always significant in Lot 9, although the
factorial combination of dark and 0.2% KNO3 resulted in significantly higher germination
than other combinations of the light and KNO3 factors in this lot (P < 0.05; averaging
7%). Scarification always significantly increased germination over no scarification, but
the increase was lower in Lot 9 (Fig. 7B).38 8
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Figure 6. Mean cumulative germination (+ C1950 /) of the stratification factor in
A. lemmonii, averaged over seed lots and other factors. Dormancy aftertreatment
is approximately 77% without stratification and 74% with stratification.
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Greenhouse Experiments
For D. californica and F. viridula percent emergence under greenhouse conditions
was usually substantially lower than percent germination under laboratory conditions for
the same treatments (Fig. 8). At least one treatment was significantlygreater in final
cumulative emergence than the control. For D. californica, both the control and the
scarification treatment resulted in an average final emergence of 4.5%. The scarification,
KNO3, and GA3 treatment (referred to as the "full" treatment) had higheremergence than
either the scarification treatment or the control (P < 0.05). Survival of D. californica in
all greenhouse experiments was 100%.
For F. viridula, GA3 and stratification plus GA3 treatmentswere not statistically
different (P0.70), with an average final emergence of 25%. In the control and GA3
treatment, 100% of the seedlings survived beyond 10 d of maximum percentemergence,
while in the stratification and GA3 treatment a significantly lower amount survived(85%;
P0.015).
For A. lemmonii, the scarification plus stratification treatmentwas significantly
higher in average final emergence than other treatments (P < 0.05; Fig. 8). Survivalwas
high (averaging 97%) in each treatment with no statistical differences in survival (P=
0.54). Emergence was actually higher in the greenhouse experiments than germination
was in the laboratory experiments.100
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Seed Size Analysis
For both D. californica and A. lemmonii, mean seed sizes differed significantly
among the four seed lots within each species (P < 0.01; Table 7). Seed size analysis on
A. lemmonii resulted in groupings of three different seed sizes, rather than the two I
originally predicted. For D. californica, two groups of significantly different seed sizes
were detected. Lot 16 had statistically smaller seeds than any of the other lots. The seed
size and germination groupings were the same for all of the A. lemmonii lots, but not for
the D. californica lots. Groupings with the same letters between the seed size analysis
and germination analysis indicate a potential, although not direct, correlation.
Table 7. Potential correlation between seed size (in mm) and germination for D.
californica and A. lemmonii. Seed size groupings were based in FPLSD tests conducted
for the seed size analysis, independently for each species. Germination groupingswere
based on FPLSD test conducted during the germination enhancement treatment analysis,
independently for each species. Means with same letters (within a species)were not
significantly different (P < 0.01).
Species Lot Mean
Seed Size
VarianceGrouping
% Germination
MeanGrouping
D. californica 20 8.15 2.08 A 48.7 B
17 7.88 0.707 A 68.8 A
22 7.68 1.954 A 27.3 C
16 6.88 1.102 B 70.7 A
A. lemmonii I1 6.90 0.753 A 12.6 A
7 6.48 0.302 B 6.8 B
9 5.43 0.244 C 2.4 C
8 5.20 0.274 C 1.0 C42
DISCUSSION
For each species investigated, there were significant differencesamong seed lots in
germination responses to treatments. Species that vary in germination and dormancy
traits are defined as having polymorphic seeds (Bewley and Black, 1985). Seed
polymorphism has been characterized by variations in dormancyamong seeds on one
parent plant or on different parents plants of a species (within or among populations).
Polymorphic seeds vary in depth of seed dormancy as well as mechanisms that both
enforce and break dormancy. In this study, D. californica and A. lemmonii appearedto
have highly polymorphic seeds, while seeds of E viridula were only slightly
polymorphic or not at all. Differences among seed lots of F. viridulawere primarily in
the number of seeds that germinated and levels of initial dormancy, that could be
explained by differing levels of embryo maturity; the seed lots were similar inresponses
to treatments.
The four seed lots of D. californica were extremely variable inresponses to
treatments and in levels of initial dormancy. Lot 16 was initially non-dormant. It was
collected from a population surrounding the Puget Sound of Washington, 200 to 300
miles north of the other seed lots. Seed dormancy is prevalent in plants that have become
adapted to varying climates, especially when cold winters are followed by hotsummers.
If temperature were the primary factor controlling seed dormancy in Lot 16, then the site
would have less variable and milder climate conditions than the other lots, whichwas
actually expected of the Puget Sound area as compared to southwestern Oregon where the43
other lots were collected. However, based on the climate review whichwas conducted
for this study, it appears that temperature patternswere similar among the three lots for
which data were available and precipitation patternswere similar among Lots 16, 20 and
22. The climatic patterns of Lots 16 and 20 were very similar, and Lot 20was highly
initially dormant.
It cannot, however, be concluded that climate did not have an important influence
over dormancy in D. californica, because climate data reviewed in this study do not
necessarily reflect on-site seedbed temperature and soil moisture. Also, climate
conditions during seed development often affect the expression of seed dormancy. The
influence of temperature on seed dormancy in D. californica could be investigated by
testing initial dormancy on seeds obtained from reciprocal transplants of the Lots 16 and
20 populations, and monitoring seedbed temperature and soil moisture during seed
development.
Others have grown D. californica without any pretreatment and also have
experienced varying germination responses. Steve Schmidt of American Ornamental
Products (pers. comm.) obtained approximately 80% germination in samples collected
from the Columbia Gorge in Oregon in the summer of 1991. A nursery in northern
California reported that when they attempted to grow D. californica seeds ina
greenhouse, germination was very low (Pacific Open Space, Inc., pers. comm.).
Similarly, Knapp and Rice had poor germination without any enhancement treatments in
the populations they studied. They found that D. californica was high in genotypic and
phenotypic variability among populations (E. E. Knapp and K. J. Rice, unpublished 199444
reports to the USFS, RRNF, TNC and BLM). Genetic differences in D. californicamay
also be correlated with degree of initial dormancy and with germinationresponses to
treatments seen in this study, however, it was not investigated. There is considerable
evidence that factors that affect seed dormancy are under genetic control (Harper and
Mc Naughton, 1960; Jain, 1982; Garbutt and Whitcombe, 1986). Evans and Cabin (1995)
found that genetic differences occur between dormant and non-dormant seeds of desert
mustard, Lesquerella fendleri, collected from the same population. The phenotypic
expression of dormancy varied among populations and among cohorts ofa population.
Seed lots of A. lemmonii had variable responses to treatments and viability.
Compared with the other three seed lots used in this study, Lot 11 was lower in viability
and initial dormancy, resulted in higher overall cumulative germination (when only the
light level of the light factor was preliminarily analyzed), and had significantly larger
seeds. The other three lots were relatively similar in viability, initial dormancy, overall
cumulative germination, and seed size, but each seed lot reacted differently to
germination enhancement treatments.
Rarely did a treatment relieve all of the dormancy within a seed lot, although there
were many treatments that significantly increased cumulative germination and reduced
germination rate. Complete removal of seed dormancy was not a feasible goal for these
species and may not be feasible for many other native grasses; rather, enhancing
germination was. Certain treatments on D. californica and F. viridula successfully
increased germination by as much as 80% over the control. For D. californica,
scarification and 0.03% GA3 was consistently successful, resulting in over 80%45
cumulative germination in all but Lot 22. Knapp and Rice observed the highest
germination in this species with a caryopsis extraction treatment (sameas the
scarification treatment in this study), 2 wk stratification and 0.04% GA3 (unpublished
1994 report on work in progress to the USFS, RRNF, TNC and BLM). Inmy 1995 pilot
project on D. californica, the highest germination was with application of GA3, regardless
of whether the seed was scarified (Appendix 1).
For F. viridula, stratification and GA3 significantly increased cumulative
germination. An addition of benzyladenine helped strengthen seedlings, resulting in
shorter, thicker leaves than with GA3 alone (Appendix 2). Kahn (1971) hypothesizedthat
there is a coordinated role of gibberellic acid, cytokinin, and abscisic acid (ABA) inseed
germination, where gibberellic acid is the primary stimulus for germination, ABA blocks
the GA-mediated activity, and cytokinins block the ABA activity.
Joan Trindle, CPMC, NRCS, used F. viridula in a forest restoration project(pers.
comm.). She used a 16 to 20 wk cold-moist stratification period to condition seeds for
enhanced germination, and even then germination was low. Most references
recommended a long stratification period for F. viridula, between 6 wk and 6mo,
although even then germination percentages were low (Link, 1993; Hassell and Beavers,
1993; Stannard and Darfis, Oregon State University Seed Lab, unpublished data). The
1995 pilot project on F. viridula resulted in good germination when seedswere treated
with GA3 (Appendix 1). In other pilot projects, 0.03% GA3 and 4 wk of stratification
produced the highest germination in Lot 3, and GA3 treatment resulted in better
germination than longer stratification treatments in Lot 1 (Appendix 2).46
Even though no treatments resulted in high germination of A. lemmonii, scarification
produced at least some germination whereas negligible germination occurredwithout it.
Poor seed germination is common in many Stipeae species (Young et al., 1990). Even
after considerable testing on Columbia needlegrass (Stipa columbiana), highest
germination figures were only around 60% with cold-moist stratification and application
of GA3. The 1995 pilot project demonstrated that GA3 does not enhancegermination of
A. lemmonii (Appendix 1). Other Stipeae species have highest germination in the
laboratory only under dark conditions (AOSA, 1993; Young et al., 1990). Thelaboratory
experiments for this study demonstrated that darkness did not substantially enhance
germination of A. lemmonii. In fact, since the differences between dark and light
treatments were minor, it appears that seed dormancy in A. lemmonii is not light
mediated.
Darren Borgias (TNC, pers. comm.) has experimented witha few treatments (dark,
scarification, KNO3 and GA3) on A. lemmonii, although nothingwas successful at
substantially enhancing its germination. Similar treatments were investigated duringmy
1995 pilot project, including using sand as a growth medium, with similarlypoor results
(Appendix 1). Sand mediums in the laboratory have enhanced germination in other
Stipeae species (AOSA, 1993; C. Dreman, Redwood Seed Company,pers. comm.).
Emergence in the greenhouse was substantially higher than under laboratory conditions
for scarification and stratification treatments on A. lemmonii, providing support for the
hypothesis that germination may be slightly better in the field than ina laboratory, at least
for this species.47
Germination enhancement treatments were chosen based on morphological
characteristics of the seeds that potentially cause seed dormancy (suchas the hard seed
coat in A. lemmonii), as well as results of the pilot projects and findings of others.I
hoped to use environmental characteristics of lot collection sites to direct thetreatments,
since the transition from dormancy to non-dormancy is often precipitated by climatic
events or other changes in the environment, such as an opening in the canopy that
changes the light quality and quality reaching the ground. Even if I had been ableto
obtain consistent habitat, soils, and climatic data for each seed lot (whichwere often not
available), this information probably would not have been sufficient to determine
potential seed treatments. Micro-habitat information regarding potential dormancy
breaking mechanisms would actually be required. For example, determination of
germination temperatures could be accomplished by monitoring soil surface temperature
and observing the time of seed germination in the field, however, equipment and models
needed to accomplish this are only now being attempted (Hardegree et al., 1996).
The success of germination enhancement treatments in this studymay be explained
by morphological or physiological characteristics of the seeds. The caryopsis of A.
lemmonii is enclosed by a hardened and tightly wrapped lemma and palea. The level of
scarification used in this study (lightly scratching the surface of this outer covering)was
sufficient to expose the caryopsis for water imbibition and/or gas exchange, butwas not
sufficient to remove germination inhibitors that may be in the seed coat (over 60% of
seed dormancy remained after scarification treatments in all of the lots). More rigorous48
physical scarification methods were not used because caryopseswere long and narrow
with the embryo at the micropylar tip, where it is easily broken by physical scarification.
Many species with coat-imposed dormancy have enhanced germination when the
seed coat is scarified. In coat-imposed dormancy, structures that surround the embryo
(i.e., in grasses, seed coats often include lemma, palea and pericarp)are responsible for
imposing and maintaining dormancy. Many germination inhibitors, particularly ABAare
found in the seed coat as well as the embryo (Bewley and Black, 1985; McDonald, 1987)
and the inhibitory effect of ABA is often relieved by gibberellic acid (Mayer and
Poljakoff-Mayber, 1989). In D. californica, since removal of the caryopsis from the
lemma and palea (the scarification treatment in this study) usually enhanced germination,
I believe germination in this species is characterized by coat-imposed dormancy. Further
support is provided by the effect that GA3 had on increasing germination of unscarified
seeds (see Fig. 3, Lots 7 and 20), possibly blocking ABA germination inhibitors in the
pericarp. The inhibitory effect of ABA is also relieved by stratification (Webster, 1995)
and cytokinin (Kahn, 1968). Both the GA3 and stratification treatmentswere most likely
responsible for blocking ABA or other germination inhibitors during germination of F.
viridula.
The leaching pilot project determined if there were perhaps soluble germination
inhibitors enforcing dormancy in A. lemmonii that were not affected by GA3or
stratification (Appendix 2). Since leaching failed to increase germination, either the
germination inhibitors were not of soluble forms or this species becomes dormant by
some other physiological mechanism characteristic of embryo dormancy. The49
biochemical mechanisms which enforce and maintain embryo dormancyare not well
known (Simpson, 1990; Webster, 1995), although dormancymay be induced by
environmental conditions such as low temperature or low oxygen (Bewley and Black,
1985). KNO3 and stratification treatments were used on A. lemmonii because theywere
thought to increase oxygen to the embryo, possibly breaking the embryo dormancy
(Hilhorst and Karssen, 1989). Both treatments slightly enhanced germination in A.
lemmonii when they were combined with other factors (particularly scarification),
although neither was very effective alone, indicating that A. lemmonii has bothembryo
and coat-imposed dormancy.
A treatment that has not been tested on A. lemmonii is a sulfuric acid wash, which is
a form of seed scarification that removes the pericarp from caryopses, and has been
shown to increase germination in some grass species (McDonald, 1987; Whalley, 1987)
probably because they became dormant as a result of germination inhibitors in the
pericarp. Another possible germination promoting tool for this species is fireor extreme
heat. Dixon, Roche and Pate (1995) found that exposure of dormant shrubs, herbs and
grasses to cold smoke derived from burnt native vegetation enhanced germination in
almost 50% of Western Australian species.
It is important to know germination rate and lag as well as final cumulative
germination to determine treatments that are best at promoting rapid, uniform and high
germination. For example, if a treatment had a slow lag period, then other species that
germinate more rapidly may outcompete the target species. Previous studies have shown
there are several curve functions to model these parameters, and they fit well to50
germination data (Brown and Mayer 1986, 1988b; Brown, 1987; Bridgeset al., 1989;
Dumur, Pilbean and Craigon, 1990; Choinski and Tuohy, 1991; D. 0. Wilson, Jr., Ciba
Seeds, pers. comm.). To use these models in future studies, germination experiments
should be monitored more frequently (every 1 to 3 d) than in this study.
One of the most outstanding findings from this studywas that each grass species and
often each individual population of that species may have unique dormancy enforcingand
germination promoting characteristics. Two out of the three species investigated showed
highly polymorphic germination among populations. In D. californica, overall genotypic
and phenotypic variability was also high among populations (E. E. Knapp and K. J. Rice,
unpublished 1994 reports to the USFS, RRNF, TNC and BLM). Since F. viridula
showed less seed polymorphism than the other species, it would be interestingto learn the
relative genetic variability between and within populations of this species. Perhaps the
expression of seed dormancy has a strong link to overall genotypic and phenotypic
variation of a species.
It is clear that an understanding of mechanisms that trigger germination ina species
is paramount for successful cultivation. The task seems daunting when confronted with
the thousands of native plant species desired for restoration projects. However, already
there have been numerous studies like this one in which germination requirements ofa
native species have been determined. Dissemination of information is vital for the
increased use of native plant materials in restoration ecology.51
Summary and Recommendations
The best treatment among all seed lots of D. californica was scarification, KNO3, and
GA3 (either concentration), resulting in 60 to 90% cumulative germination, breaking all
or most seed dormancy. Scarification alone also resulted in high cumulative germination
(60 to 80%), and this was the only factor that significantly reduced median germination
time. One of the seed lots was initially non-dormant, and germination enhancement
treatments used in this study actually reduced cumulative germination. For best results
with D. californica, the relative amount of seed dormancy should be ascertained priorto
additional treatment. If dormant, the most efficient treatment to increase theamount and
rate of germination is seed scarification (removing hulls). Soaking in-tact seeds in 0.03
to 0.04% GA3 for several days in an alternative to scarification if rapid germination rate is
not important.
In F. viridula, the best treatment among all seed lots was GA3 (either concentration)
and germination chamber settings at 15/25 °C, resulting in 40 to 75% cumulative
germination, breaking most seed dormancy. Although the two concentrations of GA3
produced similar cumulative germination results, the lower concentration resulted in
slightly stronger stems than the higher concentration.Addition of benzyladenine further
strengthened seedlings (it produced shorter, thicker leaves than GA3 alone), potentially
offsetting the lodging problem that GA3 seemed to cause in this species.Stratification
did not always increase cumulative germination, but it did, however, havea significant
effect on reducing median germination time. My recommendations for cultivation of F.
viridula are to stratify seeds for three to four weeks while they are soaking in a 50-5052
mixture of 0.03% GA3 and 10 kiN4 benzyladenine. It is important to maintaina low
prechill temperature (0 to 5 °C) to prevent germination during stratification, especially if
mechanical equipment will be used for sowing.
Both the stratification and scarification factors significantly increased cumulative
germination of A. lemmonii, resulting in 6 to 17% cumulative germination. However,
none of the treatments used in this study were very effective at breaking dormancy, with
64 to 80% dormancy remaining in the seed lots after treatments. At this point, the best
treatment I recommend to enhance germination in A. lemmonii is seed scarification
combined with either a short stratification (two to three weeks)or soaking seeds in 0.2%
KNO3. Further research is needed to better understand germination and dormancy
characteristics of this species. Possible dormancy breaking treatments that havenot been
tested on this species include sulfuric acid scarification, experimentation with various
temperatures, and treatment with smoke.53
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GERMINATION ENHANCEMENT TRIALS PILOT
PROJECT
M. Melinda Trask, Department of Rangeland Resources,
Oregon State University
Introduction
Many native grass seeds exhibit a period of dor-
mancy, which is an adaptive characteristic to promote
seedling establishment under only optimal condi-
tions.This dormancy characteristic is a common
obstacle that agencies and commercial producers face
when attempting to grow out native grasses. A thesis
project is currently underway to assess germination
and dormancy characteristics of three grass species
native to southwest Oregon, Achnapherum lemmorth
(ACLE), Danthonia californica (DACA), and Festuca
viridula (FEVI). These species were selected in coordi-
nation with Wayne Rolle, Forest Botanist at Rogue
River National Forest (RRNF), for use in upcoming
Forest restoration projects.
This pilot project was conducted to test some
germination enhancement techniques for the purpose
of narrowing the range of germination options avail-
able.Successful treatments will be considered for
inclusion in the germination enhancement testing
phase of the thesis project. Types of treatments that
were tested include various concentrations of gibber-
ellic acid (GA3) and potassium nitrate (KNO3), appli-
cation of a commercial fungicide, and various scarifi-
cation treatments. Two seed lots per species were
tested per treatment. Seeds were collected from RRNF
lands during the 1993 season and subjected to various
storage regimes for one year, ranging from dry-frozen
to dry-room temperature.
METHODS
Treatments each seed lot received during this pilot
project are listed on Table 1. The control is equivalent
to a standard germination test, with no treatment; the
seed was placed onto a moistened substrate and set in
the germinator at the settings described below. Both
the GA3 and KNO3 solutions were prepared from
mixtures of distilled water with the powdered chemi-
cals. A commercial fungicide was utilized in all fungi-
cide treatments. The prechill treatments consisted of
5 days of dry-cold storage at 5 `C immediately prior to
application of other treatments (when prescribed).
Two potential scarification treatments were uti-
lized to separate out seed caryopses, including me-
chanical and sand paper ("sp scarify" on Table 1).
Caryopses of Danthonia were extracted by rubbing the
seeds between two pieces of medium-grained sand
paper. Mechanical scarification consisted of running
the seed through a rotary scarifier with large-grained
sand paper.Mechanical scarification was used on
ACLE except for treatment #10 in which sand paper
scarification was used.
Treatments were chosen based on recommenda-
tions in the 1993 Association of Official Seed Analysts
(AOSA) rules for lots of the same genera but different
species, and on recommendations by scientists cur-
rently working on the species of interest. There are no
published protocols for these three species.Treat-
ments utilized on Dan thonia californica were based on
unpublished experiments conducted by Eric Knapp
and Kevin Rice at the University of California, Davis.
Some of the treatments performed on ACLE were
based on recommendations by Craig Dremann of
Redwood City Seed Company.
Twenty five seeds were used in each test, and
placed in 3" x 3" plastic Petri dishes. A cotton gauze
substrate was used in the Danthonia and Festuca tests
and sterile sand was used in the ACLE tests, based on
recommendations by Craig Dremann and the AOSA
guidelines for similar genera. Seeds were taken di-
rectly from the submitted samples (obtained from
RRNF) and were neither additionally cleaned nor
separated for pure seed. Each treatment was tested in
two locations within each of two germinators, for a
total of 4 replicates per treatment per seed lot (except
for the ACLEtests). One of the germinators shut down
during the ACLE testing therefore only tests from the
functional germinator were analyzed, resulting in 2
replicates per treatment per seed lot with the ACLE
tests. The total germination percentages were based
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Thus, the percentages for Festuca and Danthonia tests
were based on 100 total seed, and the ACLE tests were
based on 50 total seeds.
The germinator settings were based on AOSA rules
for similar genera.For the Festuca and Danthonia
tests, the germinators were set at 16-hours of light at
25 °C and 8-hours of dark at 15 °C. For the ACLE tests,
the germinators were set at the same time/tempera-
ture regimes, but were constantly dark. The AOSA
rules for germinator settings and dark treatments were
not strictly followed. The tests were carried out for a
maximum of two months, or less time when seeds had
stopped germinating.
In addition to the germination tests, each seed lot
received a purity and a viability test. A tetrazolium
(TZ) test was conducted by the OSU Seed Lab for the
viability analysis, using 100 pure seeds. The purity
test consisted of using the remaining seeds from the
submitted sample after all of the other tests were
performed. It was based on relative weights of pure
(filled) seed, other species' seeds, and inert matter
(includes empty seeds, broken seeds, stems, glume and
other non-seed material). Most of the inert matter in
each of the samples was empty seed. Since the samples
were not cleaned, the germination treatments were not
necessarily conducted on pure seed. Thus, a weighted
germination was calculated for each treatment, which
then accounted for the amount of pure seed, using the
following formula: weighted % germination = (test %
germination)/% pure seed *100.
Results and Discussion
Results of the two most successful germination
treatments, viability test results, and dormancy esti-
mates for each seed lot are summarized in Table 2. The
results of the purity test are presented in Table 3 and
results of the germination enhancement treatments
are presented in Table 4.
The dormancy figures on Table 2 are strictly esti-
mates of the difference between viability and germina-
tion. Seed dormancy is typically viewed as the differ-
ence between a standard germination test and a viabil-
ity test. The inital percent dormancy is a measure of
the dormancy in the seed lot prior to treatment, while
percent dormancy after treatment is a measure of the
effect of the treatment on breaking dormancy. Each of
the seed lots (except perhaps DACA 1) had a high level
of initial dormancy. The best Danthonia and Festuca
treatments appeared to have a substantial influence
on germination, with dormancy after treatment rang-
ing from 0 to 56%. The ACLE treatments had virtually
no effect on breaking dormancy; even the "best"
treatments resulted in over 90% dormancy after treat-
ment.
Of the Danthonia treatments, gibberellic acid was
the most successful treatment in breaking dormancy
and promoting germination. Since these results were
slightly better than the other successful treatment
(sandpaper scarification, prechill and GA3), it appears
that scarification was not as important as was the use
volume 6, number I
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of gibberellic acid in these tests. As shown on fable 4,
when scarification alone as a treatment (# 5) is com-
pared to the control treatment (no scarification; #1),
scarification had only a marginal effect on germina-
tion.
Upon initial look at the Festuca purity tests (Table
3), one might speculate that the problem with germi-
nation was related to the high degree of inert matter
(that was primarily empty seed). However, when the
germination results were weighted to account for the
purity of the seed lot, it is clear that purity is not the
problem (see Tables 2 and 4).Rather, dormancy
appears to be the problem with these seed lots. Over-
all, none of the Festuca tests had very high germina-
tion. However, in comparison with the other treat-
ments, each of the Festuca lots responded relatively
well with GA3, with and without prechill and fungicide.
In fact, percent germination with the 300 ppm GA3
treatment on FEVI2 was slightly higher than percent
viability.It essentially broke all of the seed lot's
dormancy.
Note that the analysis of this pilot project was
purely subjective; statistical analyses were not per-
formed due to the nature of the experimental design.
Many of these treatments will be incorporated into a
more statistically sound experimental design that is
part of a larger investigation into the germination and
dormancy characteristics of these species.
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page 2Table 1.Germination enhancement treatments.
DACA I control
2 400 ppm gibberellic acid (GA3)
3 prechill
5 sp scarify + fungicide
6 sp scarify + 400 ppm GA3 + fungicide
8 sp scarify+ prechill + 400ppm GA3 + fungicide
FEVI t control
2 prechill
3 300 ppm GA3
4 500 ppm GA3
6 .2% potassium nitrate (KNO3).1. fungicide
7 prechill + .2% KNO3 + fungicide
8 prechill + 300 ppm GA3 + fungicide
ACLE I control
2 300 ppm GA3
3 600 ppm GA3
4 .2% KNO3 + buried + scarify
5 .2% KNO3 + fungicide
7 mech. scarify + +300 ppm GA3 + fungicide
8 mech. scarify + .2% KNO3 + fungicide
9 mech. scarify + fungicide
io sp scarify + fungicide
II fungicide only
a See methods section of text. sp scarify - sandpaper scarcation treatment
Table 2. Summary of Results
Species
(Lot
CntrI
%
Grrn
Best Two
Tree menu
Viab %
% Dorm
Initial(
% Dorm
After( NO% Grm
DACA
I
41.95 2 7(.58 86 51.22 16.77
4195 8 67.37 86 51.22 21.66
DACA
'
6.15 2 56.67 91 93.24 37.73
6.15 8 40.00 91 93.24 56 04
FEVI
I
3.68 8 21.15 33 88.85 35.91
3.68 4 19.23 33 88.85 41.73
FEVI
_
8.49 8 21.67 34 75.03 3626
8.49 3 40.00 34 75.03 000
ACLE 109 8 417 80 98.64 94 79
1.09 I 3.13 80 98.64 69.09
ACLE
_
2.09 8 7.14 96 97.32 9256
7.09 7 5.10 96 97.32 94.69'
s..,igitc,d '0 germination -196 germ .143ureii.11)0
See Table I fur a deNcription car Ercatmcrics.
I.:climate 05 initial rib dormanc,.. `it viahle -16 control weighted .,rrniriationi
Lstirrai, 05dormancy Aker :5,1 Meet !based on weighicd germination,
blei1110
Table 4. Treatment Results (Footnotes)
Alaisimurn days so final germination count.
Based on she following formula. l0o0errn,"9rpure13100
Treatment germination percentages of the two lets were similar. so theyere averaged.
volume 6. number
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Table 3.Results of Purity Tests..
Species
/Lot
%
Pure
%
Inert'
%
Other Seed
DACA I 95.36 2.65 1.99
DACA 2 90.34 4.83 4.83
FEVI I 52.19 46.30 1.51
FEVI 2 58.90 40.97 1113
ACLE1 95.70 3.76 0.54
ACLE 2 97.68 2.28 0.04
Based on relative weights of pure (filled) seed, other species' seeds, and
inert matter.
Inert matter is primarily empty seeds, but also includes broken seeds,
stems, glume and other non-seed material.
Table 4. Treatment Results
Species
/Lot Treat. No% Gerrr. Days, Weighted % Germs
DACA 1 1 38 33 40.00
2 68 18 71.58
3 34 28 35.79
5 46 13 48.42
6 44 13 46.32
8 64 13 67.37
DACA 2 1 5 33 5.56
2 51 40 5667
3 9 35 10.00
5 25 17 27 78
6 20 22 22.22
8 36 13 4000
FEVI 1 I 1 47 1.92
2 2 44 3.85
3 8 45 15.38
4 10 36 19.23
6 I 38 1.92
7 2 28 3.85
8 11 40 21.15
FEVI 2 I 3 42 5.00
2 6 34 10.00
3 24 41 40.00
4 12 41 20.00
6 0 45 0.00
7 5 33 8.33
8 13 37 21.67
ACLE 1 & I 1.5 38 1.54
(average)C 1.5 28 1.55
3 1.5 38 1.02
4 0 38 0.(X)
5 0 38 0.00
7 2.5 38 2.55
8 5.5 19 5.66
9 0.5 38 0 52
10 05 38 0.51
1 II 3 17 3.10
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Appendix 2
Other Pilot Projects
Five narrowly focused experiments, referred to as pilot projects,were conducted to
help refine laboratory methods for experiments and to test other treatments thatwere not
used in the main experiments: (1) sodium hypochlorite; (2) F. viridula stratification; (3)
A. lemmonii dark and substrate; (4) A. lemmonii leaching; and (5) F. viridula cytokinin
and gibberellic acid.Projects 1-3 were conducted prior to the main experiments, from
November 1994 to May 1995, and projects 4 and 5 were conducted after the main
experiments, from April to May, 1996.
In each pilot project, seeds were germinated in plastic petri disheson blotter paper or
sterilized cotton and gauze substrate, moistened either with distilled wateror other
solution depending on experimental treatment. Petri dishes were randomly placed in
sealed plastic containers to maintain high humidity. Germination testswere conducted in
the same chambers as the main experiments, set at alternating 16 h cool and 8 hwarm
periods. Germinator chamber lights (florescent lights, 40 W each) were on during the
warm period and off during the cool period, unless otherwise noted.
Statistical analyses were not performed on pilot projects, however resultswere used
to develop hypotheses about the potential germination behavior of each species. Tests
that appeared to produce positive results were included in the main experiments.63
Sodium Hypochlorite
Methods
Varying concentrations of sodium hypochlorite solutions were tested to determine
which was most successful at minimizing fungal pathogens while not adversely affecting
germination. Sodium hypochlorite (NaOH) solutions were prepared from mixtures of
bleach (5.25% NaOH) and distilled water. Danthonia californica Lot 16, F. viridula Lot
1, A. lemmonii Lot 8 were used to test the following concentrations: 0.525% NaOH (1:10
bleach to water), 0.21% NaOH (1:25 bleach to water), 0.105% NaOH (1:50 bleach to
water), and 0.053% NaOH (1:100 bleach to water). 50 seeds of each specie/lot were
soaked in each concentration for 15 and 30 s periods, after which they were rinsed in
cold, running tap water for 30 s, and placed on cotton and gauze substrates in petri dishes
for germination. Tests were carried out for one month and germination was scored
weekly. Affectiveness of tests at reducing pathogens was based on percentages of seeds
that germinated as well as visual observations of when and approximately how many
seeds became moldy.
Results and Discussion
Germination was so low in all of the F. viridula and A. lemmonii tests that they could
not be used to assess affectiveness of treatments (Table 1). Most of the A. lemmonii seeds
were beginning to grow mold by second week of the experiment, regardless of treatment.
The F. viridula seeds were relatively free of mold. Of the D. californica tests, the 1:25
solution soaked for 30 s resulted in a higher cumulative germination than any of the other64
treatments (Table 1). Many of the D. californica seeds were beginning to grow mold by
third week, although slightly less mold appeared in higher concentrations of bleach.
Based on this experiment, it was decided to use a 1:25 solution at a 30-s soaking time for
all- species in the main experiments. While none of the sodium hypochlorite treatments
were successful at minimizing pathogens on A. lemmonii, I decided not to use a stronger
concentration or a longer soaking time because of the unknown potential for seed
mortality at higher concentrations.
Table 1. Results of the sodium hypochlorite concentrations listed as bleach:water.
Cumulative Germination (%)
15-s Soak 30-s Soak
none 1:101:251:501:100 1:101:251:501:100
Bleach:
D. californica 22 22 28 36 32 28 64 12 25
F. viridula 2 2 4 4 0 2 2 4 2
A. lemmonii 0 0 0 0 0 2 0 2 2
Festuca viridula Stratification
Methods
Lot 3 was used to test cumulative germination under various stratification periods.
50 seeds per treatment were subjected to 2-, 4-, 6- and 10-wk cold-moist stratification
periods. In addition, 50 seeds each were treated with 0.03% GA3 and stratified for 2 and
4 weeks. Seeds were placed on blotter paper moistened with distilled water (or GA3 in
those tests) in petri dishes, which were set in fridgerator at 5 °C for the prechill period.65
After the prescribed prechill period, seeds were transferred to germination chambers for
germination. Tests were carried out for 6 wk and germination was scored weekly.
Results and Discussion
Many treatments dried during prechill, and were rewetted when they were transferred
to the germinator. It was difficult to ascertain from this experiment if seeds had become
so desiccated that the germination process had been interrupted. Slightly more seeds
germinated in the longer stratification periods without GA3, although when GA3was
used, the shorter stratification periods were far more successful than longer periods
without GA3 (Table 2). The concept behind seed stratification is that the seeds become
imbibed and metabolic processes associated with germination begin during stratification.
Germination does not begin until seeds are fully imbibed. Regardless of when
germination began or if it had been interrupted, since all tests were subjected to the same
germination conditions in this experiment, the results are still valid relative to each other.
Based on the results of this experiment, I decided to use a 4-wk stratification period in the
main experiments.66
Table 2. Results of stratification treatments on
cumulative germination of F. viridula Lot 3.
Stratification GA3 (%) % Germ.
2-wk 0 0
0.03 18
4-wk 0 2
0.03 30
6-wk 0 10
10-wk 0 8
Achnatherum lemmonii Dark and Substrate
Methods
Lot 8 was used to test effects of germination under completely dark conditions, using
two different germination substrates, blotter paper and between paper towels. In addition,
some seeds were treated with 0.2% KNO3 and 0.03% GA3. Treatments included in this
experiment were: 1) paper towel control; 2) blotter control; 3) paper towel moistened
with 0.03% GA3; 4) blotter moistened with 0.03% GA3; 5) paper towel moistened with
0.2% KNO3; and 6) blotter moistened with 0.2% KNO3 Each test consisted of 50 seeds,
that were divided equally into two replicates. Petri dishes were double wrapped in foil to
prevent light from reaching seeds. The germination chamber was set at alternating
night/day temperatures of 20/30 °C with lights off. After a 2-wk germination period, tests
were unwrapped and scored for germination.67
Results and Discussion
Germination was extremely poor in each treatment. The paper towel and KNO3 and
the blotter and GA3 treatments resulted in 2% germination each (one seed out of 50
germinated). No germination occurred in any of the other treatments. Basically, there
was no difference between the various treatments in this experiment. With the
experimental design used, it is difficult to conclude here that A. lemmonii requires light to
germinate. Other possible explanations for the poor results could have been that
temperature settings in the germinator were incorrect for this species, or that sufficient
time was not provided for germination to occur, or that some other mechanism was
required for germination. Regardless of these results, I decided to include a dark
treatment in the study experiments, because perhaps combinations of dark and some other
factor(s) not tested in this experiment were necessary to break dormancy in this species.
Achnatherum lemmonii Leaching
Methods
Since none of the main experiments were successful at removing dormancy in A.
lemmonii seed lots, Dr. Donald Grabe (Oregon State University, pers. comm.) suggested
that often germination inhibitors can be leached from seeds by flushing them with water.
Three of the "successful" treatments from the main experiments were used, scarification,
light and KNO3. Scarified seeds from Lot 9 were subjected to 5- and 10-min flushes with
cold, running tap water, then set on cotton and gauze substrates moistened with distilled68
water or KNO3. Two replicates of 25 seeds each were tested in germination chambers set
at 15/25 °C alternating night/day temperatures under light conditions during the day.
Germination was scored weekly and tests were carried out for 4 wk.
Results and Discussion
Germination was similar in each treatment, with or without leaching (Table 3). In
summary, leaching had no effect on germination of A. lemmonii. Germination values
ranged from 10 to 16% for all treatments, for an overall mean of 12%. Possible
explanations for the low germination of A. lemmonii include: (1) germination inhibitors in
A. lemmonii are not soluble; (2) longer flushing periods are required; (3) the germination
temperature settings were incorrect for this species; or (4) some other mechanism is
require to break its dormancy.
Table 3. Results of leaching treatments on
cumulative germination of A. lemmonii,
Lot 9.
Treatment % Germ.
No flush, no KNO3 10
No flush, with KNO3 12
5-min flush, no KNO3 10
5 -min flush, with KNO3 12
10-min flush, no KNO3 12
10-min flush, with KNO3 1669
Festuca viridula Cytokinin and Gibberellic Acid
Methods
It was observed during the main experiments that F. viridula seedlings treated with
GA3 had weaker, thinner stems and roots than those without it, especially when treated
with 0.06% GA3. As a result of this treatment, F. viridula seeds grown in the greenhouse
had severe lodging. Although the GA3 substantially enhanced germination in this
species, breaking most of the seed dormancy in the lots tested, the treatment wouldnot be
beneficial under cultivation if it caused lodging.
Gibberellic acid induces cell elongation and may have a negative effecton seedling
vigor if cell elongation exceeds cell expansion or cell wall thickening. Dr. Thomas Moore
(Oregon State University, pers. comm.) reported lodging to be a common side-effect of
gibberellic acid treatment. He suggested that cytokinin reduces the excessive cell
elongation and has found that spraying cytokinin on seedlings treated with gibberellic
acid helps strengthen the shoots and prevent lodging.
Seeds of Lot 1 were treated with 10 and 100 /.2M Benzyladenine (a cytokinin) and
0.03% GA3, some of which were subjected to a 4-wk cold-moist stratification.
Treatments included in this experiment were: 1) control; 2) stratification; 3) stratification
and GA3; 4) GA3; 5) GA3 and 10 kiM Benzyladenine; 6) GA3 and 100 ki.M Benzyladenine;
7) stratification and GA3 and 10 kiM Benzyladenine; and 8) stratification and GA3 and
100 /../M Benzyladenine. Each treatment consisted of 100 seeds, that were divided
equally into two replicates, and set on cotton and gauze substrates moistened with70
distilled water or one of the treatment solutions. When both GA3 and Benzyladenine
were used equal parts of each solution were used to moisten the substrate. Seeds were
placed in germination chambers set at 15/25 °C alternating temperatures under light
conditions (lights off at night and on during the day). Germinationwas scored weekly
and tests were carried out for 4 wk.
Ten seedlings from each of the treatments were then grown for four additional weeks
to observe the affect of treatments on seedling survival. During this period, numbers of
seedlings were scored each week and notes were taken on the relative shoot length and
thickness and root length and thickness. Five seedling vigor categorieswere then
developed to record relative vigor of the seedlings, as follows: 0many seedlings died;
1long, thin leaves and roots; 2medium length, thin leaves and roots; 3short and thick
leaves and roots; and 4medium length and medium thick leaves and roots. Seedling
vigor increases with increasing category number.
Results and Discussion
Addition of cytokinin to GA3 treated seeds increased vigor of seedlings although it
did not have an effect on numbers that germinated. Treatments with 100 4M
Benzyladenine and 0.03% GA3 produced slightly thicker leaves and roots than treatments
with GA3 alone, with or without stratification (Table 4). GA3 treatment without cytokinin
produced seedlings with longer, thinner leaves. In this experiment stratification did not
increase germination over no stratification when both GA3 and the cytokininwere used.
Perhaps the cytokinin has a similar affect on germination as stratification, increasing71
oxygen to the embryo. Dr. Moore suggested using a cytokinin spray on young seedlings.
However, this experiment shows that seeds can be treated with Benzyladenine solution
and it still strengthens seedlings when GA3 is also used, which would bemore efficient
than spraying seedlings.
Table 4. Results of cytokinin (Benzyladenine) and gibberellic
acid (GA3) on mean cumulative germination and vigor of F.
viridula. See methods section for description of vigor categories.
Treatment % Germ.Vigor
Control 3
Stratification (Strat.) 30 4
GA3 59 1
Strat. and GA3 74 1
GA3 and 10 AtM Benzyladenine (Benz.) 65 1
GA3 and 100 AtM Benz. 52 3
Strat. and GA3 and 10 ,.IM Benz. 66 4
Strat. and GA3 and 100 uM Benz. 64 3